The results of this study suggest (a) the existence of a positive feedback loop between intra-vBNST noradrenaline release and abdominal pain perception, and (b) the modulation of colonic motility by intra-vBNST noradrenergic transmission via β-adrenoceptors. Dysfunction of the lower GI tract may increase noradrenaline release within the vBNST, which, in turn, may exacerbate impairment of its motility and pain perception.
| INTRODUCTION
It has long been recognized that bidirectional brain-gut interactions play important roles in stress and emotional responses. Gastrointestinal (GI) problems can affect mental health conditions, such as anxiety and depression, and, conversely, anxiety is closely correlated with the intensity of functional GI disorder symptoms.
Patients with irritable bowel syndrome (IBS) have higher levels of anxiety and depression than do healthy controls. 1, 2 In turn, anxiety and depression provide a twofold risk for IBS onset. 3 Although the investigation of the brain sites involved in the close relationship between IBS and anxiety/depression has remained limited to date, accumulating evidence points to the central nucleus of the amygdala (CeA) as a brain site responsive to higher levels of anxiety and visceral hypersensitivity in IBS animal models. 4, 5 The bed nucleus of the stria terminalis (BNST) and the CeA together form the extended amygdala, 6 which plays important roles in controlling autonomic and neuroendocrine responses 7 and regulating negative affective states such as anxiety and fear. 8 We previously demonstrated that pain stimulation increased extracellular noradrenaline levels in the rat BNST, particularly its ventral part (vBNST). 9 , 10 We also reported that intra-vBNST injection of a β-adrenoceptor antagonist suppressed pain-induced aversive responses 9, 10 and that intra-vBNST injection of a β-adrenoceptor agonist induced anxietylike behaviors and food intake reduction. 11 These findings suggest that intra-vBNST noradrenergic transmission via β-adrenoceptors plays important roles in the response to noxious stimulation and the regulation of negative affective states. Recently, we demonstrated that gastric distention (GD) increased extracellular noradrenaline levels in the rat vBNST and that the activation of β-adrenoceptors within the vBNST reduced gastric emptying. 12 These findings suggest that noradrenergic transmission via β-adrenoceptors within the vBNST plays an important role in bidirectional interactions between the brain and upper GI tract.
However, the role of intra-vBNST noradrenergic transmission in bidirectional interactions between the brain and lower GI tract remains to be elucidated. Thus, the present study examined the effect of colorectal distention (CRD) on extracellular noradrenaline levels within the vBNST and investigated the effects of intravBNST β-adrenoceptor activation on nociceptive responses to CRD and colonic transit.
| MATERIALS AND METHODS

| Animals
Male Sprague-Dawley rats weighing 180-290 g (Japan SLC; Hamamatsu, Japan) were used in all animal experiments. The rats were housed 3-4 per cage in a room maintained at a constant ambient temperature (23 ± 1°C) under a 12/12-hours light/dark cycle with food and water available ad libitum. All experiments were performed with the approval of the Institutional Animal Care and Use Committee at Hokkaido University.
| Drugs and microinjections
Isoproterenol (β-adrenoceptor agonist) and timolol (β-adrenoceptor antagonist) were purchased from Sigma (St Louis, MO, USA) and dissolved in phosphate-buffered saline (PBS). Bilateral microinjections were carried out as previously described. 12 At least 5 days after implantation of guide cannulae, the animals received intra-vBNST injection of isoproterenol (30 nmol/side) with and without co-administration of timolol (30 nmol/side).
| Measurement of CRD-induced noradrenaline release within the vBNST
In vivo microdialysis experiments to measure the extracellular noradrenaline levels within the vBNST were carried out as previously described. 12 In the present study, after fasting for 16 hours with water available ad libitum, rats were anesthetized with 2% isoflurane, and a lubricated polyethylene balloon (diameter: 2.5 cm) was 
| Counting the CRD-induced behavioral responses
To evaluate the nociceptive responses to the CRD, abdominal contractions and writhing behaviors were counted before and during CRD stimulus by well-trained investigators who were blind to the pressure conditions.
| Measurement of colonic transit
Under sodium pentobarbital anesthesia, PE50 polyethylene tubing was inserted into the cecum of each rat, with the tip positioned in the proximal colon 1.5 cm distal to the cecum. The other side was tunneled subcutaneously to the posterior neck. Following surgery, the animals were individually housed in cages and allowed to recover for at least 7 days. After 24 hours of fasting with water available ad libitum, either the drug or a vehicle was bilaterally administered into the vBNST. At 5 minutes following intra-vBNST injection, 0.5%
Evans blue/3.5% carboxymethylcellulose/saline was injected into the IDE ET AL.
| 183 large intestine via PE50 polyethylene tubing. Each rat was decapitated 15 minutes later, and the large intestine was immediately removed. Colonic transit was calculated by the following formula:
colonic transit = distance of Evans blue migration/total length of the large intestine.
| Histology
Histological analyses were performed to examine the placement of the microdialysis probes and injection cannulae. Briefly, each rat was decapitated, and the brain was rapidly removed and frozen in powdered dry ice. Coronal sections (50 μm) were prepared on a cryostat, stained with thionin, and examined by light microscopy (40×). Data from rats with correct placement of the microdialysis probes ( 
| Statistical analyses
Data were analyzed by Student's t test or analysis of variance (ANOVA) followed by Holm-Sidak's post hoc tests for multiple comparisons. Differences were considered statistically significant when P < 0.05.
| RESULTS
| CRD-induced noradrenaline release in the vBNST
Nociceptive responses were evaluated before and during the CRD stimulus was administered ( 
| Effects of intra-vBNST β-adrenoceptor activation on CRD-induced abdominal contractions
The In this study, we demonstrated that the exogenously applied β-adrenoceptor agonist induced hypersensitivity to the CRD stimulation. The effect of intra-vBNST injection of a β-adrenoceptor antagonist on the higher-tension CRD (60 mm Hg)-evoked abdominal contractions and writhing behaviors should be examined in the future study to elucidate the role of CRD-evoked endogenous noradrenaline release in the regulation of sensitivity to the CRD stimulation.
We previously demonstrated that intra-vBNST injection of a β-adrenoceptor agonist induced anxiety-like behaviors. 11 Cecchi et al 14 showed that noradrenaline release was increased in the BNST of male Sprague-Dawley rats during immobilization stress and that blocking of β-adrenoceptors in the vBNST attenuated the anxietylike behaviors induced by acute restraint stress. Fendt et al 15 reported that noradrenaline release in the BNST increased during exposure to trimethylthiazoline (TMT), a component of fox odor, and that intra-vBNST administration of the α 2 -adrenoceptor agonist clonidine suppressed both the enhanced release of noradrenaline and the TMT-induced potentiation of freezing behavior.
These findings suggest the critical role of noradrenergic transmission within the BNST in mediating negative emotions, such as anxiety and fear. The present study revealed that CRD stimulation increased extracellular noradrenaline levels within the vBNST.
Enhanced activation of noradrenergic transmission within the vBNST may be involved in the higher levels of anxiety observed in IBS-suffering subjects.
Acute stress induces differential motor effects in the upper and lower GI tract. Gastric emptying is delayed by various stressors, while various stressors stimulate colonic motility and transit. 16 As described above, various stressors increased extracellular noradrenaline levels in the BNST. antagonist or by a CRF type-1 receptor antagonist. 25 In the CeA, CRD-induced elevation of extracellular noradrenaline levels is enhanced by CRF. 5 Further studies are necessary to elucidate the effects of interactions between β-adrenergic and CRFergic signaling within the extended amygdala (BNST and CeA) on the regulation of abdominal pain perception and colonic motility.
In conclusion, the present study demonstrated that CRD increased extracellular noradrenaline levels within the vBNST and that the activation of β-adrenoceptors within the vBNST enhanced colonic transit. We previously demonstrated increased extracellular noradrenaline levels within the vBNST by GD and the reduction of gastric emptying by intra-vBNST β-adrenoceptor activation. 12 Taken together, these findings suggest an important role for the vBNST in bidirectional interactions between the brain and GI tract. Dysfunction of the GI tract may increase noradrenaline release within the vBNST, which, in turn, may exacerbate impairment of its motility and pain perception in functional GI disorders, such as functional dyspepsia and IBS.
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